CERKL interacts with mitochondrial TRX2 and protects retinal cells from oxidative stress-induced apoptosis  by Li, Chang et al.
Biochimica et Biophysica Acta 1842 (2014) 1121–1129
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbad isCERKL interacts with mitochondrial TRX2 and protects retinal cells from
oxidative stress-induced apoptosisChang Li a,1, Lei Wang a,1, Jing Zhang a,b,1, Mi Huang a, Fulton Wong c,d, Xuexue Liu a, Fei Liu a, Xiukun Cui a,
Guohua Yang e, Jiaxiang Chen a, Ying Liu a, Jiuxiang Wang a, Shengjie Liao a, Meng Gao a, Xuebin Hu a,
Xinhua Shu f, Qing Wang a, Zhan Yin g, Zhaohui Tang a,⁎⁎, Mugen Liu a,⁎
a Key Laboratory ofMolecular Biophysics of theMinistry of Education, Center for HumanGenome Research, College of Life Science and Technology, Huazhong University of Science and Technology,
Wuhan, Hubei, PR China
b Key Laboratory of Cellular and Molecular Immunology, Institute of Immunology, Medical College of Henan University, Kaifeng, Henan 475004, PR China
c Department of Ophthalmology, Duke University School of Medicine, Durham, NC 27710, USA
d Department of Neurobiology, Duke University School of Medicine, Durham, NC 27710, USA
e Department of Medical Genetics, Wuhan University School of Medicine, Wuhan, Hubei, PR China
f MRC Human Genetics Unit, Institute of Genetics and Molecular Medicine, Edinburgh, UK
g Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, Hubei, PR ChinaAbbreviations: CoCl2, cobalt(II) chloride; DAP
indolecarbamidine dihydrochloride; dpf, days post f
reticulum; GAPDH, glyceraldehyde-3-phosphate d
ﬂuorescent protein; GST, glutathione S-transferase
IgG, immunoglobulin G; SDS-PAGE, sodium dode
gel electrophoresis; siRNA, small interfering RNA;
end-labeling
⁎ Correspondence to: M. Liu, Key Laboratory of Mole
Education, Center for Human Genome Research, Huazh
Technology, 1037 Luoyu Rd., Wuhan, Hubei 430074, PR
fax: +86 27 87794549.
⁎⁎ Correspondence to: Z. Tang, College of Life Scienc
University of Science and Technology, 1037 Luoyu Rd., W
E-mail addresses: zh_tang@163.com (Z. Tang), lium@m
1 These authors contributed equally to this work.
http://dx.doi.org/10.1016/j.bbadis.2014.04.009
0925-4439/© 2014 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 25 December 2013
Received in revised form 2 April 2014
Accepted 7 April 2014






ApoptosisMutations in the ceramide kinase-like gene (CERKL) are associatedwith severe retinal degeneration. However, the
exact function of the encoded protein (CERKL) remains unknown. Here we show that CERKL interacts with
mitochondrial thioredoxin 2 (TRX2) and maintains TRX2 in the reduced redox state. Overexpression of CERKL
protects cells from apoptosis under oxidative stress, whereas suppressing CERKL renders cells more sensitive
to oxidative stress. In zebraﬁsh, CERKL protein prominently locates in the outer segment and inner segment of
the photoreceptor of the retina. Knockdown of CERKL in the zebraﬁsh leads to an increase of retinal cell death,
including cone and rod photoreceptor degeneration. Signs of oxidative damage to macromolecules were also
detected in CERKL deﬁcient zebraﬁsh retina. Our results show that CERKL interacts with TRX2 and plays a
novel key role in the regulation of the TRX2 antioxidant pathway and, for the ﬁrst time, provides an explanation
of how mutations in CERKLmay lead to retinal cell death.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Vertebrate vision is mediated by two classes of photoreceptors, rods
and cones. Rods are sensors of dim light and cones of color and high
acuity vision. Retinal degenerations that involve photoreceptor loss,
including cone–rod dystrophy (CRD), retinitis pigmentosa (RP), andI, 2-(4-amidinophenyl)-6-
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ail.hust.edu.cn (M. Liu).age-relatedmacular degeneration (AMD), aremajor causes of blindness
worldwide. In these disorders, protracted cone death is often the last
stage in the disease course [1–3]. Accordingly, cone survival is a major
target of therapeutic intervention. Several animal models of retina
degeneration show extensive signs of oxidative damage in the retina
[4–6]. However, the role of oxidative stress and its causal link to a
speciﬁc genetic defect have not been demonstrated previously.
Identiﬁed and cloned in 2004, CERKLwas reported by several groups
as one of the causative genes associated with autosomal recessive RP
[7], including our study of a nonconsanguineous Chinese family [8]. In
2009, Tomas et al. observed that CERKL mutations were associated
withwidespread retinal degenerationwithprominent earlymaculopathy;
hence, the clinical presentation was more akin to that of autosomal
recessive CRD [9]. In patients, they cause widespread retinal degen-
eration with early and prominent loss of macular cone and rod pho-
toreceptors [7,9,10].
To date, eight disease-causing mutations in CERKL have been
identiﬁed; there are two missense mutations (R106S and C125W)
and the others are null or splice-site mutations [7–12]. The functional
and anatomical defects resulting frommutations in CERKL are consistent
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retina, it is mainly expressed in cone photoreceptors and in the inner
retina, weakly in amacrine cells and ganglion cells [13,14].
Previous studies of the function and disease mechanism of CERKL
have focused on the metabolism of sphingolipid and ceramide, both in
cell culture and in mice [15–17]. However, these properties of CERKL
remain obscure. Recently, it was demonstrated that CERKL interacts
with several neuronal calcium sensor proteins in the retina [18],
however, the functional signiﬁcance and consequences of these
interactions are not clear.
The thioredoxin system is composed of thioredoxin (TRX),
thioredoxin reductase (TrxR) and NADPH. Of the two major mem-
bers in the mammalian thioredoxin superfamily, TRX1 and TRX2,
TRX2 is mitochondria-speciﬁc and a critical regulator of redox
balance that is required for cell viability [19–22]. Hypoxia-induced
apoptosis can be ameliorated by modulating TRX2 [23].
To investigate the physiologic role that CERKL plays in the retina
and its link to photoreceptor apoptosis, we screened for CERKL-
interacting proteins. Here we show that CERKL can localize to mito-
chondria, where it interacts with TRX2 and acts as a novel player in
the regulation of the mitochondrial peroxiredoxin-mediated antiox-
idant pathway. In NIH3T3 cells and zebraﬁsh, we found that CERKL
protects cells from apoptosis by maintaining the reduced state of
mitochondrial TRX2. These data illuminate a novel mechanism for
CERKL mutations that causes redox system dysfunction and retinal
cell death.
2. Materials and methods
2.1. Reagents and antibodies
CoCl2 was purchased from Sigma. Antibodies used in this study
include: CERKL, tubulin and GAPDH (Abcam); Myc (Sigma); GFP, ﬂag,
and GST (Proteintech); TRX2 (Abnove); MitoTracker Red and Alexa
Fluor 488 goat anti-rabbit IgG (MP); 4-hydroxy-2-nonenal (HNE)
(ADI); 8-hydroxydeoxyguanosine (8-OHdG) (Millipore); nitrotyrosine
(Sigma), and S-nitroso-cysteine (SNO-Cys) (Sigma-Aldrich).
2.2. Yeast two-hybrid screen
The human CERKL cDNA (1599 bp) was isolated from a HeLa cDNA
library by nested PCR. An N-terminal truncated fragment of CERKL
was cloned into the pGBKT7 vector and used as a bait. The plasmid
was transformed into the yeast strain Y187. The pGADT7 fusion rabbit
retina cDNA library was constructed and transformed into yeast strain
AH109 following the user manual (Clontech). The library was screened
by yeast mating; the cDNA insert from each positive clone was
characterized by sequencing and Blast analysis.
2.3. Plasmid constructs and RNA interference
The full-length CERKL and TRX2 cDNAswere subcloned, respectively,
into the pGEX-4T-1, pEGFP-C1 and p3xFLAG-CMV vectors. Truncations
and missense mutants were constructed by PCR based on the
wild-type gene and veriﬁed by sequencing.
Small interference RNAs (siRNAs) targeting different encoding
regions of mouse CERKL were synthesized and puriﬁed by RiboBio
(Guangzhou, China). CERKL siRNA #3 was used in the experiment. The




The siRNAduplexeswith non-speciﬁc sequenceswere used as siRNA
negative control (si-NC).2.4. Cell culture, co-immunoprecipitation and GST pull-down assays
NIH3T3 cells were grown in DMEM (Gibco) supplemented with 10%
FBS. Cells were transfected with Lipofectamine 2000 (Invitrogen).
Cells were co-transfected with GFP-CERKL and Flag-TRX2 expression
plasmids. After 48 h, cell lysates were harvested and immunoprecipitated
with one antibody and protein G beads, and washed and analyzed by
Western blotting with the antibody for the other proteins. The GST
and GST fusion protein were expressed in Escherichia coli BL21 and
puriﬁed using Glutathione-Sepharose beads (Thermo) following
the manufacturer's protocol. After addition of cell extracts and
incubation for 4 h at 4 °C, the bound beads were washed with PBS
and analyzed by Western blot analysis.
2.5. Immunocytochemistry
Transfected cells were ﬁxed in PBS/4% formaldehyde for 10min at
room temperature and permeabilized with PBS/0.5% Triton X-100
for 15 min. Cells were then incubated with the primary antibody
(1:100–500) at 4 °C overnight and a ﬂuorophore-labeled secondary
antibody (1:2000) for 2 h. After staining with DAPI for 5 min, slides
were mounted and viewed under a Leica TCS SP2 AOBS MPmicroscope
system. The images were analyzed with Image J software.
2.6. Western blot and redox Western blot analysis
Cells were collected and lysed in RIPA buffer. Proteins were
separated by 12% SDS-PAGE and transferred to nitrocellulose
membranes (Millipore). The blots were incubated with primary
antibodies (1:500–5000), followed byHRP-labeled secondary antibodies
(1:20,000, Thermo). SuperSignal ECL substrate (Pierce) was used for the
detection of signals.
For TRX2 redox analysis, cells were treated with CoCl2 for the
indicated time points. Cell lysates were incubated with 15 mM AMS
(4-acetoamido-4′-maleimidylstilbene-2,2′-disulfonic acid, MP) at
room temperature for 3 h and followed by Western blot analysis as
described [24].
2.7. Detection of cell apoptosis
Cells were seeded in 6 well plates and transfected with indicated
vectors or siRNAs. After 48 h post transfection, the cells were treated
with 300 μM H2O2 for 12 h. Following the user manual of Annexin
V/PI apoptosis kit (MultiSciences), the cells were collected and
resuspended in 0.5 ml Annexin V/PI binding buffer for 5 min in the
dark and subjected to ﬂow cytometric analysis for detection of
apoptotic cells.
2.8. Animals and morpholino
All procedures were approved by the Institutional Animal Care and
Use Committee at the Huazhong University of Science and Technology.
Fertilized eggs of zebraﬁsh were obtained and grown in incubators;
embryos were analyzed at 3 dpf or 4 dpf, respectively. To knock-down
zebraﬁsh CERKL, a splice-blocking morpholino antisense oligonucleo-
tide (5′-TCTGCTGTGATGTGAACGTACCGTT-3′) target to exon2 was
designed and synthesized by Gene-Tools. A standard mismatch
morpholino was used as negative control. RT-PCR and Western blot
analyses were performed to assay the CERKL transcription and expres-
sion when knocked down by splicing MO in zebraﬁsh. The primer pair
used for RT-PCR is F: 5′-GCCATCCATCTCAACAACCT-3′, R: 5′-AAGAGC
GGAGCAACTTCATC-3′. Total RNAwas prepared from 60 hpf ﬁsh treated
with ZFCERKL-MO and controls; proteins isolated from 72 hpf ﬁshwere
analyzed byWestern blot analysis with an antibody for CERKL (Abcam).
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Frozen sections of 3 or 4 day zebraﬁsh embryos were prepared as
described [25]. The sections were incubated with PDT (PBS/1% DMSO/
0.1% Triton) for 10 min and blocked with 10% normal goat serum in
PBDT (PBS/1% BSA/1% DMSO/0.1% Triton). The slides were incubated
with a primary antibody at 4 °C overnight and a ﬂuorophore-labeled
secondary antibody (1:300 dilution) for 1 h at 37 °C. After staining
with DAPI for 3 min, the slides were mounted in glycerol based anti-
fade mounting medium for viewing. Apoptotic cells in the retina were
detected using the Fluorometric TUNEL System (Promega). The sections
were labeled with a TdT reaction mix for 1 h at 37 °C before viewing.
2.10. Statistical analyses
All experiments had been done at least three times. The statistical
analyses were done with the Student's t test. Error bars in the graphs
represent SD.
3. Results
3.1. CERKL interacts with mitochondrial TRX2
To understand the CERKL-mediatedmolecularmechanism in patho-
genesis, we generated a cDNA library with mRNA isolated from rabbit
retinas and constructed a two-hybrid library. We used the N-terminal
of CERKL (1–165 aa) as the bait, and expression of the fusion protein
was examined byMyc-antibody (Fig. 1A). After yeast mating screening,
we obtained a positive clone that contained rbTRX2, which was the
homologous gene of human TRX2. We identiﬁed TRX2 protein as a
potential CERKL interacting partner by yeast growth on the selective
medium andX-α-gal assay in yeast (Fig. 1B). To conﬁrm the interaction,
we cloned the full-length human TRX2 cDNA and constructed CERKL
and TRX2 eukaryotic expression vectors with different tags followed
by reciprocal co-immunoprecipitation (IP) analysis. For NIH3T3 cells
co-transfected with GFP-CERKL and Flag-TRX2 vectors, the anti-GFP an-
tibody but not IgG control could immunoprecipitate Flag-TRX2 protein
(Fig. 2A, left). The reverse IP with anti-Flag antibody likewise indicated
that TRX2 interacted with CERKL (Fig. 2A, right). To further conﬁrm the
interaction between CERKL and TRX2, similar results were obtained
with reciprocal GST pull-down assays. We expressed GFP-CERKL or
Flag-TRX2 protein in NIH3T3 cells and mixed cell lysate with GST-
TRX2 or GST-CERKL fusion protein from E. coli, respectively. By using
GST protein as negative control, GST-TRX2 or GST-CERKL could pull
down with GFP-CERKL or Flag-TRX2, respectively (Fig. 2B). These data
suggested that CERKL directly interacted with TRX2.
While TRX2 is known to locate in mitochondria speciﬁcally, a mito-
chondrial localization of CERKL has not been reported. To further vali-
date the CERKL–TRX2 interaction, we performed immunoﬂuorescent
studies in NIH3T3 cells. The endogenous CEKRL co-localized with theFig. 1. Identiﬁcation of CERKL interaction with TRX2 in yeast. (A) The bait fusion protein, BD-M
anti-Myc (left). (B) Identiﬁcation of TRX2 as a potential CERKL interacting partner by yeast grow
colony of negative control which cannot grow on the medium, and No. 3 represents the TRX2-transiently expressed TRX2-RFP in a punctate, perinuclear fashion
(Fig. 3A, upper panels). Moreover, co-immunostaining for CERKL and
the mitochondrial marker Mito-Tracker, showed that the endogenous
CEKRL overlaps with mitochondria (Fig. 3A, lower panels). At higher
magniﬁcations, precise co-localization was observed (Fig. 3B and C).
To further assess the association of CERKLwithmitochondria, we isolat-
ed the mitochondrial and cytoplasmic fractions of NIH3T3 cells for
immunoblotting, using tubulin and TRX2 served as the cytosolic and
mitochondrial marker, respectively. Results (Fig. 3D) conﬁrmed themi-
tochondrial localization of CERKL. In total, results from our experiments
showed that CERKL can localize to the mitochondria and interact
with TRX2.
3.2. Pathogenic CERKL mutations disrupt the CERKL–TRX2 interaction
To ﬁne-map the interaction domain of CERKL with TRX2, a series
of GFP-tag N-terminal and C-terminal CERKL truncation vectors was
constructed (Fig. 4A) in accordance with the deduced diacylglycerol
kinase (DAGK) domain (165–368 aa) [15]. We expressed those GFP-
CERKL proteins and mixed them with GST-TRX2 protein. The GST
pull-down results showed that: CERKL (1–165) and CERKL (40–165)
clearly interacted with TRX2; CERKL (166–532) and CERKL (335–532)
were unable to bind TRX2 entirely; interaction of CERKL (100–165)
and TRX2 was reduced (Fig. 4B). These results indicated that the
amino acids between 40 and 165 of CERKL are crucial for CERKL–TRX2
interaction, and it is in accord with the bait used in our yeast
two-hybrid screening.
Given that residues R106 and C125 were located in the TRX2
interaction region of CERKL, we sought to determine if the point
mutations R106S and C125W would affect the CERKL–TRX2 interac-
tion. The interaction between the mutants and wild type CERKL with
TRX2 were compared by GST pull-down assay, with GFP protein
served as a negative control (Fig. 4C). For the same amount of GST-
TRX2 and GFP-fusion proteins, both the R106S and the C125Wmuta-
tions signiﬁcantly reduced the binding ability of CERKL and TRX2
(Fig. 4D). These results suggested that the CERKL–TRX2 interaction
in the mitochondria has a critical physiologic function, which is
disrupted by the pathogenicmutations R106S and C125W, respectively.
3.3. CERKL protects cells from oxidative stress-induced apoptosis
Apoptosis induced by oxidative-stress is a common cause of retina
cell death [26]. Since TRX2 plays a key role in the mitochondria-
speciﬁc antioxidant system [21], our demonstration of a critical
CERKL–TRX2 interaction suggested that CERKL might protect cell
from apoptosis induced by oxidative stress.
NIH3T3 cells were transfected with the indicted vectors, and cell
death was detected by ﬂow cytometric analysis after treatment with
300 μMH2O2. Overexpression of CERKL caused a slight increase in vital-
ity (from 72% to 84%) in basal condition (Fig. 5A). Under oxidativeyc-CERKL (1–165 aa), was expressed in yeast and analyzed by immunoblotting (IB) with
th on the selectivemedium andX-α-gal assay. No. 1 is a colonyof positive control, No. 2 is a
positive colony.
Fig. 2. Veriﬁcation of the interaction between CERKL and TRX2 by co-IP and pull-down. (A) Reciprocal co-immunoprecipitation assays. NIH3T3 cell extracts transfected with GFP-CERKL
and Flag-TRX2 were immunoprecipitated (IP) with the one indicated tag antibody and analyzed by immunoblotting analysis (IB) with the other antibody. Input, whole cell extracts.
*Indicates the nonspeciﬁc IgG band. (B) CERKL interacts with TRX2 in GST pull-down assays. Lysates from NIH3T3 cells expressing GFP-CERKL or Flag-TRX2 were incubated
with GST-TRX2 or GST-CERKL solid beads, respectively. The proteins eluted by glutathione were subjected to SDS-PAGE and immunoblotting analyses with tag antibodies
(top). The GST solid beads were used as a negative control. The GST-fusion proteins were analyzed by Western blot using anti-GST antibody (bottom).
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transfected cells, but cells overexpressing CERKL showed a higher
survival rate, which is up to 48% (Fig. 5A).
Downregulation of CERKL in NIH3T3 cells was carried out using
three siRNAs against different regions of CERKL. Suppression efﬁciency
was checked by Western blot after 48 h post-transfection (Fig. 5B).
The knockdown of CERKL greatly rendered the cells susceptible to
H2O2-induced apoptosis; the percentage of live cells was reduced from
70% to 46%. However, without oxidative stress, suppressing CERKL had
no obvious effects on cells (Fig. 5C).
These results collectively lend credence to the notion that CERKL
protects cells from oxidative stress-induced apoptosis.
3.4. CERKL maintains the reduced redox state of TRX2
The redox state of TRX2 reﬂects the regulation of TRX2 function [27].
To elucidate the biological implication of the interaction between CERKL
and TRX2, we examined the redox state of TRX2 in the normal or
CERKL-downregulated cells by redox Western blot methodologies,
using 4-acetamido-4′-maleimidylstibene-2,2′-disulfonic acid (AMS).
Separation of reduced and oxidized TRX2 bands on SDS-PAGE was
achieved by a mass shift due to AMS alkylation of thiols and the
bands were identiﬁed by immunoblotting with anti-TRX2 antibody. As
shown in Fig. 6, suppressing CERKL had no signiﬁcant effect on the
reduced form of TRX2 under normal conditions. Cobalt chloride
(CoCl2), induces reactive oxygen species (ROS) generation, leading to
cell death [28,29]. When CERKL was silenced and the cells challenged
with 0.5 mM CoCl2 for 12 h, almost all the TRX2 protein changed to
the oxidized form. Quantifying the band intensities showed that the
Re/Ox TRX2 level was dramatically decreased in contrast to the control
cells (Fig. 6).This result therefore indicated that CERKL plays an important role in
modulating the TRX2 redox state and the protective effects of CERKL are
likely mediated by maintaining TRX2 in a reduced form.
3.5. ZFCERKL deﬁciency causes zebraﬁsh retinal degeneration and
photoreceptor apoptosis
To analyze the critical role of CERKL in the pathogenesis of retinal
degeneration in vivo, we studied CERKL in a zebraﬁsh model [30].
We identiﬁed an orthologous gene of the human CERKL in zebraﬁsh
(Genbank accession no. BC139548). Immunostaining was performed
on frozen sections of a 4 dpf wild type zebraﬁsh retina. A strong signal
was seen in the outer segment (OS) and inner segment (IS, arrow) of
the photoreceptors; fainter signals were observed in the outer plexi-
form layer (OPL), inner nuclear layer (INL) and ganglion cell layer
(GCL) (Fig. 7A). The distribution of ZFCERKL in zebraﬁsh retina was in
agreement with previously published data in mice [13,14,31].
We suppressed the expression of ZFCERKL by injecting a splice-
blocking morpholino in zebraﬁsh embryos. Both mRNA and protein
expression of ZFCERKL were reduced in MO-zebraﬁsh compared to
the injection of control morpholino (CMO) (Fig. 7B). To test if ZFCERKL
deﬁciency may cause photoreceptor apoptosis, TUNEL staining was
performed on frozen sections of control and defective retinas from
4 dpf zebraﬁsh. Similar to recently reported data by Riera et al. [32],
our results clearly showed TUNEL positive cells in the photoreceptor
layer and inner nuclear layer of ZFCERKL-MO zebraﬁsh (Fig. 7C).
3.6. Deﬁcient ZFCERKL caused oxidative damage in zebraﬁsh retina
To further investigate if a deﬁciency of ZFCERKLwould lead to peroxi-
dation in the zebraﬁsh retina, a series of oxidative damage biomarkers
Fig. 3. CERKL is localized in mitochondria where it associates with TRX2. (A) Endogenous CERKL co-localized with TRX2 in mitochondria shown by confocal microscopy. NIH3T3 cells
transfectedwith TRX2-RFP (red)were immunostainedwith CERKL (green) antibody (upper panel) and cells co-immunostainedwith CERKL (green) antibody andmitochondrial indicator
MitoTracker (red) (lower panel). Scale bar=10 μm. (B and C) Viewedwith highermagniﬁcation (markedwithwhite squares in A). (D) Immunoblotting determined that the endogenous
CERKL does localize in mitochondria in addition to the other subcellular organelles. Cytoplasmic and mitochondrial fractions of NIH3T3 cells were isolated and determined by indicated
antibodies. W, whole cell extracts; C, cytosol; M, mitochondria.
1125C. Li et al. / Biochimica et Biophysica Acta 1842 (2014) 1121–1129were used in immunohistochemical staining. The 4-hydroxy-2-nonenal
(HNE) is a major product of endogenous lipid peroxidation and a
useful biomarker of lipid peroxidation in retinal diseases [33,34].
Immunostaining for HNE resulted in faint ﬂuorescence throughout
the retina in control 4 dpf zebraﬁsh (Fig. 8A upper panel). The
ZFCERKL-MO zerbraﬁsh showed strong hyperﬂuorescence only in
the photoreceptor OS/IS area of the retina (Fig. 8A lower panel).
Similarly, 8-hydroxydeoxyguanosine (8-OHdG) has been used as
an indicator of oxidative DNA damage [35]. Staining of control-MO
zebraﬁsh retina with the anti-8-OHdG antibody showed mild back-
ground staining, particularly along the inner plexiform layer (Fig. 8B
upper panel). In contrast, a section from ZFCERKL-MO showed promi-
nent staining in all the retinal layers, especially in the photoreceptor
OS/IS layer and axons (outer plexiform layer) (Fig. 8B lower panel).
In addition, S-nitroso-cysteine (SNO-Cys) and nitrotyrosine have been
served as the indicators for protein oxidative damage by nitric oxide
(NO) in cells. S-nitrosylation of cysteine thiols and peroxinitrite of
tyrosine residues in proteins are the important effectors in NO-
derived signal transduction pathways [36,37]. Confocal microscopyof an SNO-Cys-stained section from 4 dpf ZFCERKL-MO zebraﬁsh
showed prominent staining of the photoreceptor OS/IS and axon layers
compared to the mild staining seen in the OS/IS region of the control
retina (Fig. 8C). The pattern of staining for nitrotyrosine was similar to
that seen for SNO-Cys. After silencing ZFCERKL, the retina showed
muchmore punctate staining in photoreceptor OS/IS and INL in contrast
to the control retina (Fig. 8D). The above results clearly indicated that
ZFCERKL was essential for protecting the retina from oxidative stress.
In sum, the in vivo results from our studies in zebraﬁsh support the
conclusion that a normal physiologic function of CERKL is to protect
retinal cells from oxidative stress-induced apoptosis, especially of cone
and rod photoreceptors.
4. Discussion
Our in vitro and in vivo studies have revealed that CERKL protects
cells from oxidative stress by modulating the redox state of TRX2 via
protein–protein interaction. These results provide a mechanistic expla-
nation of howmutations in CERKL cause the death of photoreceptors. To
Fig. 4.Mapping the keydomains of CERKL that interactwith TRX2 and the effects of CERKL pathogenicmutations on this interaction. (A) Schematicmodel of truncatedCERKL. (B)Mapping
the interaction domains of CERKL with TRX2 by GST pull-down assays. NIH3T3 lysates expressing the indicated GFP-CERKL were applied to GST-TRX2 protein beads respectively.
The 40–165 residues of CERKL are required for interaction with TRX2. (C) Schematic representations of wild type and two missense mutations of CERKL. (D) GST pull-down
assays determined that CERKL pathogenic mutations can disrupt the interaction. Equal protein loading of wt (wild-type), R106S, C125W CERKL and GST-TRX2 was determined
by immunoblotting with anti-GFP or anti-GST, respectively. *p b 0.05.
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player in themitochondrial thioredoxin-mediated antioxidant pathway
in the retina.Fig. 5. CERKL protects NIH3T3 cells from oxidative stress induced apoptosis. (A) Overexpressio
the indicated vectors for 48 h and treated with or without H2O2 for 12 h, and analyzed by ﬂow
CERKL expression. Cells were transfected with three different CERKL-speciﬁc siRNAs or scramb
#3-siRNA-CERKL exerted the highest efﬁciency. (C) Knockdown of CERKL render cells more s
siRNAs for 48 h and treated with or without H2O2 for 12 h, and analyzed by ﬂow cytometry. Pe
*p b 0.05; **p b 0.01; NS, not signiﬁcant.Tuson et al. reported that overexpression of CERKL protects cells
from apoptosis when challenged by hydrogen peroxide [38]; here
we have provided the evidence that CERKL displays an importantn of CERKL protects from oxidative stress-induced apoptosis. Cells were transfected with
cytometry. Percentages of live cells were shown in the histogram. (B) SiRNAs suppressed
led siRNA (NC) for 48 h. Endogenous expression of CERKL was examined byWestern blot.
ensitive to oxidative stress induced apoptosis. Cells were transfected with the indicated
rcentages of live cells were shown in the histogram. Experiments were done in triplicates.
Fig. 6. CERKL modulates TRX2 oxidization. CERKL is essential for maintaining the reduced
state of TRX2. NIH3T3 cells transfected with the indicated siRNA were exposed to CoCl2 for
the indicated time and concentration. Separation of reduced and oxidized TRX2 bands is
performed by AMS-redox immunoblotting analysis. Quantiﬁed band intensities of reduced
versus oxidized TRX2 from three independent experiments are shown below. ***p b 0.001.
1127C. Li et al. / Biochimica et Biophysica Acta 1842 (2014) 1121–1129anti-apoptosis function bymodulating themitochondrial peroxiredoxin-
mediated antioxidant pathway. Mitochondria are the main source of
cellular ROS and play an important role in the signal transduction ofFig. 7. Expression pattern of ZFCERKL in the zebraﬁsh retina and silencing ZFCERKL resulted in r
polyclonal antibody. ZFCERKL showed a strong signal in the outer segments (OS) and inner segm
in the outer nuclear layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL) and gang
splicing MO in zebraﬁsh. The ﬁsh were subjected to RT-PCR (left) and Western blot (right) an
resulted in the apoptosis of retinal cells (green).apoptosis [39–41]. The cell antioxidant systems, including glutathione
peroxidases and peroxiredoxins, maintain the generally low levels of
cellular ROS; the former depend on glutathione for their reduction
whereas the latter on TRX2 [41]. Many reports have illustrated the role
of TRX2 on mitochondria-mediated apoptosis [21,42,43]. We have
demonstrated that CERKL defect and/or deﬁciency lead to a shift in
redox equilibrium of TRX2, which in turn causes oxidative damage and
apoptosis of retinal cells. TRX2, together with thioredoxin reductase-2
(TrxR2) and NADPH, forms the mitochondrial speciﬁc thioredoxin
system. TrxR2 utilizes NADPH to catalyze the conversion of oxidized
TRX2 into a reduced form. By direct protein–protein interaction, CERKL
maintains the reduced redox state of mitochondrial TRX2. Pathogenic
consequences of CERKL deﬁciency may result from an increase in the
oxidized form of TRX2. While our data do not provide detailed informa-
tion on how CERKL might facilitate the redox reaction and its role in
TrxR2 activities, our results do suggest that CERKL modulates TRX2-
mediated downstream pro-apoptotic pathways using the redox state of
TRX2 as a switch. This speculative proposal of the detailed mechanisms
connecting the reduced form of TRX2 to ROS scavenging and prevention
of oxidative stress-induced retinal cell death can be tested in future
experiments.
The highly complex expression and distribution patterns of CERKL in
mouse and human have been reported. CERKL proteins were reported
to bemainly localized in the endoplasmic reticulum and Golgi compart-
ments, and may shift localization to nuclei and nucleoli [38]. Here, we
demonstrate that some endogenous CERKLmay distribute inmitochon-
dria. Our result may be consistent with Vekslin et al. Their ﬁnding
revealed that CERKL is highly concentrated in the perinuclear region
in retina-derived cell lines [14]. The complex subcellular location of
CERKL suggests that interaction with TRX2 in mitochondria to prevent
oxidative damage may only be one of several functions of CERKL [14,
38]. For example, CERKL is also localized to the ER. It was discovered
recently that the thioredoxin-interacting protein (TXNIP) is a critical
signaling node that links ER stress to the death of beta cells during the
progression of diabetes [44,45]. In the ER, CERKL might have roles in
antioxidant function, in a manner analogous to TXNIP. Thus, our results
also perhaps extrapolated to support a model that in the different
subcellular locations, the function of CERKL is in the prevention of
oxidative stress-induced retinal cell death; the pathways involved
may be different, but the outcome of disrupting CERKL function—
oxidative stress—is the same. This notion is consistentwith the common
clinical phenotype associated with the different pathogenic mutationsetina degeneration. (A) Frozen section of zebraﬁsh retina was immunostained with CERKL
ents (IS, as indicated bywhite arrows) of the photoreceptor cell layer and aweaker signal
lion cell layer (GCL). (B) Transcription and expression of ZFCERKL were knocked down by
alysis respectively. (C) TUNEL staining showed that knocking down ZFCERKL expression
Fig. 8. ZFCERKL is essential for protecting zebraﬁsh retina from oxidative damage andmodulating ZFTRX2 redox states. Silencing ZFCERKL resulted in oxidative damage in zebraﬁsh retina.
Peroxidation of lipids (A), DNA (B) and proteins (C and D) were indicated by immunoﬂuorescent staining with HNE, 8-OHdG, SNO-Cys and nitrotyrosine antibodies respectively.
In addition to the irregular arrangement of photoreceptor nuclei, all of them had strong immunostaining in the retina of 4 dpf ZFCERKL-MO zebraﬁsh, compared to faint staining in 4 dpf
control zebraﬁsh retina. INL, inner nuclear layer; ONL, outer nuclear layer; OS/IS: outer and inner segments of photoreceptors. Nuclei were stained with DAPI. Scale bar = 25 μm.
1128 C. Li et al. / Biochimica et Biophysica Acta 1842 (2014) 1121–1129of CERKL. Whether the clinical label is RP or CRD, the presentation
includes severe early macular involvement and clumped pigmentation.
Both rod and cone functions are diminished early. These speciﬁc
common phenotypic features suggest an underlying common disease
mechanism. Therefore, the CERKL–TRX2 antioxidant pathway provides
a potential explanation for the mechanism by which different patho-
genic mutations in CERKLmight lead to the common disease phenotype
in human. In other words, our results suggest the hypothesis that the
biological functions of CERKL, regardless of its subcellular location,
maybe be related to antioxidant activities.
In CERKL knockout and knockdown mice, unlike in zebraﬁsh, only
mild phenotypes were observed in the retina. The species-speciﬁc
transcriptional start sites and products in the retina might explain the
lack of the anticipated phenotype in mouse [16,17]. Alternatively,
CERKL is highly expressed in cone photoreceptors, with a very low
expression level in rods [14]; the full manifestation of photoreceptor
degeneration in defective or deﬁcient CERKLmay require a high density
of cones, such as in the humanmacula and the zebraﬁsh retina. In com-
parison, the density of cones is low in the mouse retina, where only 3%
of photoreceptors are cones [46]. Independent of the basis for the
species difference, positive results in zebraﬁsh give an impetus to
further development of this animal model for analyzing the function
of CERKL.
The single function of photoreceptors is vision, which is achieved by
elegantly orchestrated complexbiochemical cascadesof phototransduction,
visual cycle and synaptic transmission. Accordingly, photoreceptors
are the highest energy consuming cells in the human body [1,3].
Near constant exposure to radiation from sunlight promotes generation
of ROS in rods and cones. These environmental and intrinsic challenges
make them highly susceptible to oxidative damage. ROS from mito-
chondria are toxic by-products of metabolism with the potential to
cause damage to lipids, proteins and DNA. Our data suggests that
macromolecules in the retina show evidence of oxidative damage in
CERKL knockdown zebraﬁsh. Since ROS damage is involved in a broad
category of retinal degenerations, our linkage of the underlying disease
mechanism of a type of cone–rod photoreceptor degeneration to adefect in the TRX2-dependent and peroxiredoxin-mediated antioxidant
pathway may provide rational targets for new therapeutics of retinal
degenerations [6,47].
Acknowledgements
We thank E. Weiss and H. Huang for critically reading the
manuscript and helpful discussions. This work was supported by
the National Natural Science Foundation of China (No. 30771199,
81270983 and 81371064), the Research Fund for the Doctoral
Program of Higher Education of China (20120142110077), “Program
of Introducing Talents of Discipline to Universities” by the Ministry
of Education of the People's Republic of China (B08029), and the
National Key Technology R&D Program in the 12th Five year Plan of
China (2012BAI09B04).
References
[1] A.F.Wright, C.F. Chakarova, E.M.Abd, S.S. Bhattacharya, Photoreceptor degeneration:
genetic and mechanistic dissection of a complex trait, Nat. Rev. Genet. 11 (2010)
273–284.
[2] J. Sancho-Pelluz, B. Arango-Gonzalez, S. Kustermann, F.J. Romero, T. van Veen, E.
Zrenner, P. Ekstrom, F. Paquet-Durand, Photoreceptor cell death mechanisms in
inherited retinal degeneration, Mol. Neurobiol. 38 (2008) 253–269.
[3] C. Punzo, W. Xiong, C.L. Cepko, Loss of daylight vision in retinal degeneration: are
oxidative stress and metabolic dysregulation to blame? J. Biol. Chem. 287 (2012)
1642–1648.
[4] D. Vlachantoni, A.N. Bramall, M.P. Murphy, R.W. Taylor, X. Shu, B. Tulloch, T. Van
Veen, D.M. Turnbull, R.R. McInnes, A.F. Wright, Evidence of severe mitochondrial
oxidative stress and a protective effect of low oxygen in mouse models of inherited
photoreceptor degeneration, Hum. Mol. Genet. 20 (2011) 322–335.
[5] K. Komeima, B.S. Rogers, L. Lu, P.A. Campochiaro, Antioxidants reduce cone cell
death in a model of retinitis pigmentosa, Proc. Natl. Acad. Sci. U. S. A. 103 (2006)
11300–11305.
[6] D. Weismann, K. Hartvigsen, N. Lauer, K.L. Bennett, H.P. Scholl, I.P. Charbel, M. Cano,
H. Brandstatter, S. Tsimikas, C. Skerka, G. Superti-Furga, J.T. Handa, P.F. Zipfel, J.L.
Witztum, C.J. Binder, Complement factor H binds malondialdehyde epitopes and
protects from oxidative stress, Nature 478 (2011) 76–81.
[7] M. Tuson, G. Marfany, R. Gonzalez-Duarte, Mutation of CERKL, a novel human
ceramide kinase gene, causes autosomal recessive retinitis pigmentosa (RP26),
Am. J. Hum. Genet. 74 (2004) 128–138.
1129C. Li et al. / Biochimica et Biophysica Acta 1842 (2014) 1121–1129[8] Z. Tang, Z. Wang, Z. Wang, T. Ke, Q.K. Wang, M. Liu, Novel compound heterozygous
mutations in CERKL cause autosomal recessive retinitis pigmentosa in a
nonconsanguineous Chinese family, Arch. Ophthalmol. 127 (2009) 1077–1078.
[9] T.S. Aleman, N. Soumittra, A.V. Cideciyan, A.M. Sumaroka, V.L. Ramprasad, W.
Herrera, E.A. Windsor, S.B. Schwartz, R.C. Russell, A.J. Roman, C.F. Inglehearn, G.
Kumaramanickavel, E.M. Stone, G.A. Fishman, S.G. Jacobson, CERKL mutations
cause an autosomal recessive cone–rod dystrophy with inner retinopathy, Invest.
Ophthalmol. Vis. Sci. 50 (2009) 5944–5954.
[10] K.W. Littink, R.K. Koenekoop, L.I. van den Born, R.W. Collin, L. Moruz, J.A. Veltman, S.
Roosing, M.N. Zonneveld, A. Omar, M. Darvish, I. Lopez, H.Y. Kroes, M.M. van
Genderen, C.B. Hoyng, K. Rohrschneider, M.J. van Schooneveld, F.P. Cremers, A.I.
den Hollander, Homozygosity mapping in patients with cone–rod dystrophy:
novel mutations and clinical characterizations, Invest. Ophthalmol. Vis. Sci. 51
(2010) 5943–5951.
[11] M. Ali, V.L. Ramprasad, N. Soumittra, M.D. Mohamed, H. Jafri, Y. Rashid, M. Danciger,
M. McKibbin, G. Kumaramanickavel, C.F. Inglehearn, A missense mutation in the
nuclear localization signal sequence of CERKL (p.R106S) causes autosomal recessive
retinal degeneration, Mol. Vis. 14 (2008) 1960–1964.
[12] N. Auslender, D. Sharon, A.H. Abbasi, H.J. Garzozi, E. Banin, T. Ben-Yosef, A common
founder mutation of CERKL underlies autosomal recessive retinal degeneration with
early macular involvement among Yemenite Jews, Invest. Ophthalmol. Vis. Sci. 48
(2007) 5431–5438.
[13] A. Garanto, M. Riera, E. Pomares, J. Permanyer, M. de Castro-Miro, F. Sava, J.F. Abril,
G. Marfany, R. Gonzalez-Duarte, High transcriptional complexity of the retinitis
pigmentosa CERKL gene in human and mouse, Invest. Ophthalmol. Vis. Sci. 52
(2011) 5202–5214.
[14] S. Vekslin, T. Ben-Yosef, Spatiotemporal expression pattern of ceramide kinase-like
in the mouse retina, Mol. Vis. 16 (2010) 2539–2549.
[15] F. Bornancin, D. Mechtcheriakova, S. Stora, C. Graf, A. Wlachos, P. Devay, N. Urtz, T.
Baumruker, A. Billich, Characterization of a ceramide kinase-like protein, Biochim.
Biophys. Acta 1687 (2005) 31–43.
[16] C. Graf, S. Niwa, M. Muller, B. Kinzel, F. Bornancin, Wild-type levels of ceramide
and ceramide-1-phosphate in the retina of ceramide kinase-like-deﬁcient mice,
Biochem. Biophys. Res. Commun. 373 (2008) 159–163.
[17] A. Garanto, J. Vicente-Tejedor, M. Riera, P. de la Villa, R. Gonzalez-Duarte, R. Blanco,
G. Marfany, Targeted knockdown of Cerkl, a retinal dystrophy gene, causes mild
affectation of the retinal ganglion cell layer, Biochim. Biophys. Acta 1822 (2012)
1258–1269.
[18] M.J. Nevet, S. Vekslin, A.M. Dizhoor, E.V. Olshevskaya, R. Tidhar, A.H. Futerman, T.
Ben-Yosef, Ceramide kinase-like (CERKL) interacts with neuronal calcium sensor
proteins in the retina in a cation-dependent manner, Invest. Ophthalmol. Vis. Sci.
53 (2012) 4565–4574.
[19] H. Nakamura, Thioredoxin and its related molecules: update 2005, Antioxid. Redox
Signal. 7 (2005) 823–828.
[20] A. Holmgren, J. Lu, Thioredoxin and thioredoxin reductase: current research with
special reference to human disease, Biochem. Biophys. Res. Commun. 396 (2010)
120–124.
[21] T. Tanaka, F. Hosoi, Y. Yamaguchi-Iwai, H. Nakamura, H. Masutani, S. Ueda, A.
Nishiyama, S. Takeda, H. Wada, G. Spyrou, J. Yodoi, Thioredoxin-2 (TRX-2) is an
essential gene regulating mitochondria-dependent apoptosis, Embo J. 21 (2002)
1695–1703.
[22] L. Nonn, R.R. Williams, R.P. Erickson, G. Powis, The absence of mitochondrial
thioredoxin 2 causes massive apoptosis, exencephaly, and early embryonic lethality
in homozygous mice, Mol. Cell. Biol. 23 (2003) 916–922.
[23] S. Choksi, Y. Lin, Y. Pobezinskaya, L. Chen, C. Park, M. Morgan, T. Li, S. Jitkaew, X. Cao,
Y.S. Kim, H.S. Kim, P. Levitt, G. Shih, M. Birre, C.X. Deng, Z.G. Liu, A HIF-1 target, ATIA,
protects cells from apoptosis by modulating the mitochondrial thioredoxin, TRX2,
Mol. Cell 42 (2011) 597–609.
[24] P.J. Halvey, W.H. Watson, J.M. Hansen, Y.M. Go, A. Samali, D.P. Jones, Compartmental
oxidation of thiol–disulphide redox couples during epidermal growth factor
signalling, Biochem. J. 386 (2005) 215–219.
[25] A.K. Ghosh, C.A. Murga-Zamalloa, L. Chan, P.F. Hitchcock, A. Swaroop, H. Khanna,
Human retinopathy-associated ciliary protein retinitis pigmentosa GTPaseregulator mediates cilia-dependent vertebrate development, Hum. Mol. Genet.
19 (2010) 90–98.
[26] S.G. Jarrett, M.E. Boulton, Consequences of oxidative stress in age-related macular
degeneration, Mol. Aspects Med. 33 (2012) 399–417.
[27] P. Dammeyer, E.S. Arner, Human Protein Atlas of redox systems — what can be
learnt? Biochim. Biophys. Acta 1810 (2011) 111–138.
[28] C.E. Griguer, C.R. Oliva, E.E. Kelley, G.I. Giles, J.J. Lancaster, G.Y. Gillespie, Xanthine
oxidase-dependent regulation of hypoxia-inducible factor in cancer cells, Cancer
Res. 66 (2006) 2257–2263.
[29] F. Cervellati, C. Cervellati, A. Romani, E. Cremonini, C. Sticozzi, G. Belmonte, F.
Pessina, G. Valacchi, Hypoxia induces cell damage via oxidative stress in retinal
epithelial cells, Free Radic. Res. 48 (2014) 303–312.
[30] M. Tsujikawa, J. Malicki, Genetics of photoreceptor development and function in
zebraﬁsh, Int. J. Dev. Biol. 48 (2004) 925–934.
[31] N.A. Mandal, J.T. Tran, A. Saadi, A.K. Rahman, T.P. Huynh, W.H. Klein, J.H. Cho,
Expression and localization of CERKL in the mammalian retina, its response to
light-stress, and relationship with NeuroD1 gene, Exp. Eye Res. 106 (2013) 24–33.
[32] M. Riera, D. Burguera, J. Garcia-Fernandez, R. Gonzalez-Duarte, CERKL knockdown
causes retinal degeneration in zebraﬁsh, PLoS One 8 (2013) e64048.
[33] T. Grune, W. Siems, J. Kowalewski, H. Zollner, H. Esterbauer, Identiﬁcation of
metabolic pathways of the lipid peroxidation product 4-hydroxynonenal by
enterocytes of rat small intestine, Biochem. Int. 25 (1991) 963–971.
[34] J. Shen, X. Yang, A. Dong, R.M. Petters, Y.W. Peng, F. Wong, P.A. Campochiaro,
Oxidative damage is a potential cause of cone cell death in retinitis pigmentosa, J.
Cell. Physiol. 203 (2005) 457–464.
[35] S. Agarwal, R.S. Sohal, DNA oxidative damage and life expectancy in houseﬂies, Proc.
Natl. Acad. Sci. U. S. A. 91 (1994) 12332–12335.
[36] J.M. Souza, G. Peluffo, R. Radi, Protein tyrosine nitration—functional alteration or just
a biomarker? Free Radic. Biol. Med. 45 (2008) 357–366.
[37] J.S. Stamler, S. Lamas, F.C. Fang, Nitrosylation. The prototypic redox-based signaling
mechanism, Cell 106 (2001) 675–683.
[38] M. Tuson, A. Garanto, R. Gonzalez-Duarte, G. Marfany, Overexpression of CERKL, a
gene responsible for retinitis pigmentosa in humans, protects cells from apoptosis
induced by oxidative stress, Mol. Vis. 15 (2009) 168–180.
[39] R.B. Hamanaka, N.S. Chandel, Mitochondrial reactive oxygen species regulate
cellular signaling and dictate biological outcomes, Trends Biochem. Sci. 35 (2010)
505–513.
[40] V.J. Thannickal, B.L. Fanburg, Reactive oxygen species in cell signaling, Am. J. Physiol.
Lung Cell. Mol. Physiol. 279 (2000) L1005–L1028.
[41] M.P. Murphy, Mitochondrial thiols in antioxidant protection and redox signaling:
distinct roles for glutathionylation and other thiol modiﬁcations, Antioxid. Redox
Signal. 16 (2012) 476–495.
[42] V.I. Perez, C.M. Lew, L.A. Cortez, C.R. Webb, M. Rodriguez, Y. Liu, W. Qi, Y. Li, A.
Chaudhuri, H. Van Remmen, A. Richardson, Y. Ikeno, Thioredoxin 2 haploinsufﬁciency
in mice results in impaired mitochondrial function and increased oxidative stress,
Free Radic. Biol. Med. 44 (2008) 882–892.
[43] A. Patenaude, M.M. Ven, M.E. Mirault, Mitochondrial thioredoxin system: effects of
TrxR2 overexpression on redox balance, cell growth, and apoptosis, J. Biol. Chem.
279 (2004) 27302–27314.
[44] A.G. Lerner, J.P. Upton, P.V. Praveen, R. Ghosh, Y. Nakagawa, A. Igbaria, S. Shen, V.
Nguyen, B.J. Backes, M. Heiman, N. Heintz, P. Greengard, S. Hui, Q. Tang, A.
Trusina, S.A. Oakes, F.R. Papa, IRE1alpha induces thioredoxin-interacting protein to
activate the NLRP3 inﬂammasome and promote programmed cell death under
irremediable ER stress, Cell Metab. 16 (2012) 250–264.
[45] C.M. Oslowski, T. Hara, B. O'Sullivan-Murphy, K. Kanekura, S. Lu, M. Hara, S. Ishigaki,
L.J. Zhu, E. Hayashi, S.T. Hui, D. Greiner, R.J. Kaufman, R. Bortell, F. Urano,
Thioredoxin-interacting protein mediates ER stress-induced beta cell death through
initiation of the inﬂammasome, Cell Metab. 16 (2012) 265–273.
[46] E.M. Morrow, T. Furukawa, C.L. Cepko, Vertebrate photoreceptor cell development
and disease, Trends Cell Biol. 8 (1998) 353–358.
[47] J.G. Hollyﬁeld, V.L. Bonilha, M.E. Rayborn, X. Yang, K.G. Shadrach, L. Lu, R.L. Ufret, R.G.
Salomon, V.L. Perez, Oxidative damage-induced inﬂammation initiates age-related
macular degeneration, Nat. Med. 14 (2008) 194–198.
